INTRODUCTION
Most eukaryotic cells do not divide indefinitely. This phenomenon of limited proliferative capacity, termed replicative senescence, was initially documented in cultures of human fibroblasts (1) . Since then, it has been extended to a number of cell types and species and has become a model for aging at the cellular level. Replicative senescence is characterized by an irreversible growth arrest that is the consequence of repeated cell division. The number of divisions that normal cells complete before they enter senescence is constant under standard conditions and depends on the species, cell type, age and genetic background of the donor (2) . This suggests the existence of a mechanism by, which cells sense the number of divisions completed. Telomere erosion, resulting from the incapacity of DNA polymerase α to replicate the end of linear chromosomes, has emerged as a major candidate for the counting mechanism of human cells (3) . The telomere hypothesis of cellular aging has been greatly strengthened by experiments demonstrating that ectopic expression of the catalytic subunit of telomerase (hTERT) before senescence, prevents telomere shortening and allows indefinite cell proliferation (4) . The expression of hTERT correlates with the presence of telomerase activity in human cells, and the role of telomerase in immortalization is generally believed to involve the prevention of telomere erosion. However, it was recently reported that telomerase extends the lifespan of SV40-transformed human fibroblasts without net telomere lengthening (5) and that stable clones expressing limiting amounts of hTERT and having shorter telomeres than the parental senescent cells continue to proliferate (6) . This indicates that the resolution of the telomere replication problem is not always necessary for extension of life span. In addition, the chromosomal instability that occurs when telomeres erode sufficiently, causing a crisis like state in pre-immortalized SV40 transformed cells, is not a characteristic of the normal by guest on November 14, 2017 http://www.jbc.org/ Downloaded from aging phenotype and occurs only when senescence has been circumvented. Furthermore, immortal cell lines in which telomerase was inhibited by a dominant negative form of the enzyme undergo apoptosis instead of entering senescence (7, 8) .
The gradual loss of DNA methylation has been proposed as an alternative counting mechanism (9, 10) . In human cells, 60-90% of the cytosines in CpG dinucleotides are methylated at the carbon 5 position, leaving a minor portion of the genome methylation free. Methylation of CpG islands is associated with transcriptional silencing and the formation of condensed chromatin structures enriched in hypoacetylated histones (11, 12) . DNA methylation has been shown to be essential for normal development, X chromosome inactivation, imprinting and has been suggested to play a role in in vitro cellular aging. The extent of CpG methylation decreases during serial passage of normal cells in culture (9, 13) and during aging of organisms (14, 15) . On the other hand, most immortal cell lines maintain constant levels of genomic DNA methylation. However, it is not known whether the aging related loss of methylation involves specific regions of the genome or if it is a stochastic process.
The transfer of a methyl group from S-adenosylmethionine to the 5 position of cytosines in CpG dinucleotides is catalyzed by the enzyme DNA (5-cytosine) methyltransferase (DNAMeTase) (16) . DNAMeTase activity has been shown to be elevated in cancer cells in vitro, in tumors in vivo (17) and in transformation triggered by oncogenic ras or SV40 T antigen (18, 19) . In addition, increased DNAMeTase levels are required to maintain the phenotype of fibroblasts transformed with ras and with the fos oncogene (20) , suggesting that the maintenance of DNAMeTase activity and hence DNA methylation levels, is an important step in cellular transformation. Consistent with the loss of DNA methylation, DNAMeTase activity was observed to decrease with increasing population doublings in serially passaged normal fibroblasts (21) . One of the major effectors of the senescence phenotype is p21. p21 mRNA and protein are significantly increased as fibroblasts enter senescence (22) . Human diploid fibroblasts in which both copies of the gene have been inactivated by homologous recombination fail to undergo normal senescence (23) . They have an extended in vitro life span and rather than attaining a senescent state they enter a crisis like state in which DNA synthesis and cell death occur simultaneously. In addition, p21 appears to be needed for the induction of the senescent like state by many treatments such as sodium butyrate, which induce premature growth arrest and many features of senescence (24) . Although it is known that p21 blocks the action of the cyclin dependent kinases (25) and prevents the phosphorylation of Rb (26) thereby preventing the induction of many of the genes needed to traverse the G1/S boundary (27) , the role of p21 in cellular senescence is not completely understood and a mechanism for the induction of p21 at the end of the in vitro life span of a fibroblast cell culture has not yet been convincingly demonstrated. Very recently it was reported that p21 could be induced by inhibition of DNAMeTase (28, 29) . Thus, it appears that DNAMeTase itself, independent of DNA methylation, can inhibit gene transcription. The exact mechanism of inhibition is not known, but DNAMeTase does have a repressive domain and it interacts with repressive complexes that include HDACs, which appears to contribute to a repressive effect on the p21 promoter (30, 31, 32) . Since DNAMeTase activity decreases during cellular aging, the repressive effect on the p21 promoter may be overcome and chromatin structure surrounding the p21 promoter may be more active resulting in increased p21 transcription and cellular senescence.
In this report we describe the effect of DNAMeTase inhibition on normal human diploid fibroblasts. We demonstrate that inhibition of DNAMeTase induces a senescence-like cell cycle arrest that is mediated by and requires functional p21. Our results support the hypothesis that DNAMeTase activity and/or methylation levels could act as a cell division counting mechanism in human cells.
EXPERIMENTAL PROCEDURES
Cell culture. HCA2, human diploid fibroblasts isolated in this laboratory from neonatal foreskin and all human cells lines used were maintained and made quiescent as described previously (33) .
Human lung fibroblasts (LF1) and LF1 derivatives with a homozygous deletion of both p21 alleles designated H07.2-1, were a generous gift from J. Sedivy (23) .
Determination of the 5mC content. Genomic DNA was isolated using the DNAZol DNA extraction kit (Molecular Research center, Inc.) according to manufacturer's directions. RNA was removed by alkaline hydrolysis (0.5 M NaOH, 37°C for 1h). The 5mC content in DNA samples was determined by HPLC analysis of enzymatic hydrolysates of DNA. 10 µg of DNA was digested at 37°C for 3 hours using 2 units of microccocal nuclease (USB, Ohio) and 2µg of spleen phosphodiesterase II (Roche Diagnostics Corp, In) in 10 mM CaCl 2 and 20 mM sodium succinate, pH 6.0. The resulting 3' deoxymonophosphate nucleosides were further hydrolysed by overnight incubation at 37°C with 20 units of alkaline phosphatase (Amersham Pharmacia Biotech). Samples were injected into a Beckman Ultrasphere ODS, 4.6 mm X 25 cm (5µm particle size) column at room temperature, programmed as follows: 100% buffer A (2% methanol in 0.05M potassium phosphate, pH 4.5) for 10 minutes, injection of the samples, elution for 20 min in 100% buffer A, followed by buffer B (9% methanol in 0.05M potassium phosphate, pH 4.5) over a 5 min linear gradient up to 100% buffer B for 10 min. HPLC mobile phase was delivered to the column at 0.3 ml/min. Absorbance at 280 nm was recorded. The percent methylcytosine in the genome was determined as a ratio of the area of the 5mC peak to the total area of methylcytosine and cytosine residues in the sample. Amersham Pharmacia Biotech). The mixture was incubated at 37°C for 2 hr, and the reaction terminated by the addition of 300 µl of a solution containing 1% sodium dodecyl sulfate (SDS), 2 mM EDTA, 3% 4-aminosalicylate, 5% butanol, 125 mM NaCl, 0.25 mg/ml salmon sperm DNA, and 1 mg/ml proteinase K. After incubating for a further 30 min at 37°C, the reaction mixture was extracted with an equal volume of phenol/chloroform/isoamilic alcohol and ethanol precipitated.
DNA was dissolved in 0.3 N NaOH and incubated at 37°C for 2 hr. DNA was collected on a glass fiber filter disc, saturated with 1 mM nonlabeled AdoMet, and washed with 5% TCA followed by 70% ethanol. The filter was air-dried, and the radioactivity measured by β scintillation counting in 5 ml of scintillation fluid. After subtracting background, the radioactivity incorporated into the DNA as a measure of DNAMeTase activity was determined. Reactions were performed in triplicate and the results expressed as the mean +/-SD. The complementary oligonucleotides were incubated in annealing buffer (50 mM Tris-HCl, pH 7.4, 1 mM Na 2 EDTA, and 100 mM NaCl) at 95 °C for 5 min followed by 65 °C for 15 min and 37 °C for 15 min (34). The full-length duplexes were purified on a 15% polyacrylamide gel, dissolved in TE, and stored at 20 °C. using Lipofectamine Plus (Gibco BRL). Transfection medium (0% FBS) was replaced with 0.5 µM CdR, 10% FBS medium 3 hr after plasmid delivery.
Oligonucleotides. 2'-O-
SA-β-galactosidase activity. Staining for SA-β -galactosidase (β−gal) activity was performed as described (35) . Western analysis of CdR-treated HCA2 cells showed no changes in p53, p33, p27 or p16 immunoreactivity (figure 6A). However, there was a 5-6 fold increase in p21 protein levels following CdR treatment ( figure 6A ). Northern analysis indicated that the increase in p21 protein was accompanied by an elevation of p21 mRNA levels ( figure 6C ). The increase in p21 mRNA was evident after 1 population doubling in the presence of the drug ( fig 6C, day 2) . p21 protein was elevated after 2 PD and continued to increase until the end of the treatment ( figure 6B ).
In order to identify the molecules involved in the cell cycle arrest caused by inhibition of DNAMeTase, we treated a series of cell lines bearing mutations in known cell cycle regulators. showed an early induction of p21 mRNA followed by an increase in p21 protein levels (data not shown). In contrast, there was no effect of the CdR treatment on the cell cycle of the H07. CdR-treated cells suggests that these are downstream effects of p21 induction. Alternatively, they could be manifestations of the arrested phenotype. We favor the latter possibility as cells arrested by serum starvation express high levels of p21 but do not exhibit any of these markers. A similar absolute requirement of p21 for growth arrest has been shown in response to other stimuli, including histone deacetylase inhibition, γ-irradiation and BRCA1 overexpression (39, 40, 41) .
Conversely, p21 is not essential in the growth arrest induced by serum starvation (our data and 39).
Levels of the tumor suppressor p53 were not modified by DNAMeTase inhibition and p21 upregulation and cell cycle arrest after DNAMeTase inhibition were also observed in cell lines lacking a functional p53. This suggests that p21 upregulation in this case is most likely to be independent of p53. This further supports the idea that p21 is upregulated upon DNAMeTase inhibition by a p53 independent mechanism. Recently, it has been reported that inhibition of DNAMeTase by DNAMeTase antagonists or antisense oligonucleotides results in p21 induction with a concomitant inhibition of DNA replication (28, 29) . Our results suggest that transcriptional activation accounts for p21 induction after DNAMeTase inhibition as p21 mRNA levels are rapidly increased after treatment. The demonstration that DNAMeTase has a transcriptional repression domain and associates with histone deacetylase activity and the co-repressor DMAP1 suggests that p21 transcriptional activation resulting from DNAMeTase inhibition involves derepression of the p21 promoter (30, 32) . In addition, p21 expression is induced by HDAC inhibitors through a process involving histone hyperacetylation (42) . Thus, the molecular mechanism for DNAMeTase repression of p21 could involve recruitment of histone deacetylase activity to the p21 promoter.
The observed proliferation inhibition was also independent of Rb and p16 status, as cell lines deficient in these proteins exhibited cell cycle withdrawal and p21 induction after Several lines of evidence now indicate that normal cells have a mechanism that permits the counting of cell divisions. Alteration of such a mechanism is important and necessary for immortalization. The data presented here suggest that DNAMeTase activity and/or DNA methylation levels could be the signals that trigger the senescence response to replicative aging in human fibroblasts. As is the case with global DNA methylation levels, DNAMeTase activity was shown to decrease in an age dependent manner (21) . This observation supports the idea that this protein is involved in the division counting mechanism. However, it remains to be determined whether the DNAMeTase participation in the determination of cellular life span is mediated by its methyltransferase activity and/or its capacity for methylation-independent transcriptional regulation. 
